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ABSTRACT 
 
Microalgae is a promising biofuel source with high photosynthetic efficiency, and it often 
contains high-value substances for nutritional, pharmaceutical and medical applications. In order 
to improve the economic viability of the spirulina utilization, this study investigated a cost 
competitive biotechnological process for C-phycocyanin (C-PC) extraction from spirulina 
platensis.  The residual biomass after C-PC extraction was converted into bio-crude oil via 
hydrothermal liquefaction (HTL). The HTL bio-crude oil obtained from the original spirulina 
feedstock and the residual after the C-PC extraction were compared. 
A rapid and efficient process for extraction and purification of food-level C-PC from 
spirulina platensis was developed in this study. The process conditions include: 1) freeze the 
spirulina 3 hours to extract the crude protein; 2) add 80 g/L (w/v) activated carbon to the crude 
extract; 3) use a vacuum filter with a 0.22 μm pore size membrane to collect the extract; and 4) 
freeze dry the extract to get the C-PC powder. The yield of the C-PC production is 27% and the 
cost (exclude labor) for entire process is $26.1/kg. After C-PC extraction, there is still 63% dry 
biomass left which was used for conversion into bio-crude oil via HTL. 
The HTL bio-oil products distribution as well as their composition, reaction pathways and 
energy recovery via HTL were investigated. HTL was conducted at temperatures range from 
260˚C to 300˚C at 0.7 MPa N2 initial pressures. The highest bio-crude oil yield of 38 % (based on 
dry volatile matter) was obtained at 300˚C. The highest higher heating value is 37.1 MJ/kg 
occurred at 300°C reaction temperature. Elemental analysis revealed that the decarboxylation and 
denitrification may be dominant from 260˚C to 300°C following repolymerization governing at 
higher temperature; TG analysis showed that approximately 75.4 % distilled bio-crude products 
were in the range of 200-550°C. These distillates can be further upgraded for transportation fuels.  
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CHAPTER 1. 
INTRODUCTION 
 
1.1 BACKGROUND 
     With consumers growing interest in natural and healthy products, microalgae have been 
recognized as a source of functional ingredients with positive health effects due to these 
microorganisms produce polyunsaturated fatty acids, polysaccharides, natural pigments, essential 
minerals, vitamins, enzymes and bioactive peptides (Cuellar-Bermudez et al., 2015). These 
valuable compounds are very expensive, Table 1.1 shows some different products based on 
micro algal high-value molecules and their price in the global market (Spolaore et al., 2006a). 
Phycobiliproteins (PBPs) are a family of light-harvesting pigment proteins found in 
cyanobacteria and red algae, and there are two types of PBPs presented in the cyanobacterium 
spirulina (Arthrospira) platensis, the major type is C-phycocyanin (C-PC), while 
Allophycocyanin (APC) is less abundant. Together they count for up to 60% of the total cellular 
protein content (Yan et al., 2010). Because of C-PC excellent spectroscopic properties, stability, 
high absorption coefficient and high quantum yield, there is a wide range of promising 
applications of C-PC in biomedical research, diagnostics and therapeutics. In addition, it has 
potential as natural colorants for use in food, cosmetics and pharmaceuticals, particularly as 
substitutes for synthetic dyes, which are generally toxic or otherwise unsafe (Bermejo et al., 
2003b). C-PC has wide usage and great economic potential. However, the widespread use of C-
PC has been somewhat limited by the high cost of purification: For uses as biomarker or  
 
  
2 
treatment, the cost was ranging from $10 to 50 per mg; For uses as colorant in food industry this 
price reduces to $1–5 per gram because lower purity is requested (Ramos et al., 2011). 
 
Table 1.1 Prices of different products based on microalgal high-value molecules (Spolaore 
et al., 2006b) 
Product name Price (US$) Distributor 
R-phycoerythrin 3.25–14/mg Cyanotech 
Allophycocyanin 6–17/mg Cyanotech 
Streptavidin: B-phycoerythrin 145/mg Martek 
Goat anti-mouse IgG: R-phycoerythrin 165/mg Martek 
Sensilight PBXL1: anti GST 1,500/mg Martek 
Mixed fatty acids 60/g Spectra Stable Isotopes 
C-mixed free fatty acids 200/g Spectra Stable Isotopes 
C-DHA (>95%) 38,000/g Spectra Stable Isotopes 
N-alanine 260/g Spectra Stable Isotopes 
H7, C, N4-arginine 5,900/g Spectra Stable Isotopes 
dATP-CN 26,000/g Spectra Stable Isotopes 
 
 
  Microalgae have unique advantages of being feedstocks for biofuels, such as high 
photosynthetic efficiency, non-arable land use, and tremendous environmental benefits through 
the capture of CO2 and nutrients (Biller & Ross, 2011; Duan & Savage, 2011b). Current algae-
to-biodiesel technologies mainly focused on utilizing high-lipid algae and extracting lipids for 
biodiesel production (Yu et al., 2011). Wet biomass requires energy-intensive drying processes 
to remove excess moisture. High-lipid content algae species typically have much lower biomass 
productivity than low lipid content algae species. In comparison, hydrothermal liquefaction 
  
3 
(HTL) can directly convert low-lipid, fast-growing and wet algae biomass into a liquid bio-crude 
oil with or without a catalyst (Ross et al., 2010; Yu et al., 2011), carried out in a closed reactor at 
200–350 °C and 5–15 MPa. HTL is regarded as one of the most promising methods for 
converting biomass into biofuels due to the non-requirement of drying feedstock and the efficient 
reaction medium (water) at high temperature and high pressure (Vardon et al., 2012). 
 
1.2 OBJECTIVE  
Spirulina, a common fast-growing low-lipid green microalgae, has been researched as a 
feedstock for HTL experiment. However, the high cultivation costs of spirulina restrict the 
possibility of its mass production of crude oil. As the C-PC is a high value pigment in spirulina, 
and after its extraction there are amount of solids residual left, it is suggested to extract the C-PC 
from the spirulina firstly, then use the residues as the feedstock in HTL to achieve the goal of 
reducing the cost of feedstock in HTL. The objectives of this study are two folds:  
1) Develop a cost competitive biotechnological process for extraction of C-PC from 
spirulina; and 
2) Utilize the spirulina residues after C-PC extraction as a HTL feedstock to produce bio-
crude oil. 
     Effects of the reaction temperature and different feedstocks on the bio-crude oil yields as 
well as the composition of the liquefaction products are analyzed. Characterization including 
elemental analysis, GC-MS, and TGA for the liquefaction products is applied to examine the 
nutrients recovery, physiochemical properties and possible reaction pathways for bio-crude oil 
formation. This approach will substantially improve the economic viability of the spirulina 
utilization. 
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CHAPTER 2.  
LITERATURE REVIEW 
 
2.1. PHYCOBILIPROTEINS 
Phycobiliproteins are proteins that form light-harvesting antenna complexes 
(phycobilisomes) and act as photosynthetic accessory pigments in cyanobacteria and red algae 
(Yan et al., 2010). They could also be used as storage protein in some algae, decomposed to 
provide nitrogen in the absence of nitrogen.  
2.1.1 Phycobiliproteins Species 
Phycobiliproteins consist of chromophores called bilins, which are attached to cysteine 
residues of the apoprotein (Samsonoff & MacColl, 2001). These macromolecules are a family of 
hydrophilic, brilliantly colored, stable fluorescent pigment proteins and having covalently 
attached tetrapyrroles. Phycobiliproteins consist of three main groups: phycoerythrins (PEs), 
phycocyanins (PCs) and allo-phycocyanins (APCs) (Glazer, 1993). The absorption maxima for 
C-PC, C-PE and C-APC are between 610 and 620, 540 and 570, and 650 and 655 nm, 
respectively (A. Reis, 1998; Bermejo et al., 2003a). Figure 2.1 shows the C-PC absorption 
spectrums (Moorthy Suresh, 2009), the peak at 620nm presented the absorbance for the C-PC 
and absorbance at 280 nm is primarily due to aromatic amino acids, and this is roughly 
proportional to the overall concentration of protein in solution, including the C-PC. Therefore, 
the ratio of absorbance at 620nm to absorbance at 280 nm (A620 /A280) is indicative of the 
purity of the C-PC with respect to most forms of contaminating protein (Sobiechowska-Sasim et 
al., 2014). 
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Fig. 2.1 Absorption spectrum of C-phycocyanin (Moorthy Suresh, 2009) 
 
2.1.2 Phycocyanin Compositions and Structure 
     C-phycocyanin (C-PC) is the major component of the phycobiliprotein family. The C-PC 
exhibits a strong red fluorescence when it is present in native and concentrated form (Yoshida et 
al., 1996). It has an apparent molecular mass of 140–210 kDa (The unified atomic mass unit) and 
two subunits, α and β. Studies of crystal structure of all forms of C-PC shows a very similar 
three-dimensional structure and respectively consist of 162 and 172 amino acid residues. The 
interactions and molecular graphic of the C-PC are shown in Figure 2.2. The subunits are 
associated in an (αβ ) protomers, which in turn can be associated in trimmers (αβ )3 and 
hexamers (αβ )6 (Kuddus et al., 2015). The C-PC existence in what state of aggregation is 
affected by many factors including pH, protein concentration, ionic strength, radiation, light 
intensity and exposure time, all of these could make the C-PC aggregation changed. 
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          Interactions                          Molecular graphic 
Fig. 2.2 Interactions and molecular graphic of C-phycocyanin (Kuddus et al., 2015) 
 
2.1.3 Phycocyanin Function and Applications 
C-Phycocyanin divides into different grade depending on its purity:  
Grade 1: A620/A280 0.50-1.50 (Food level) (Used only as a Dye); 
Grade 2: A620/A280 1.50-2.50 (Cosmetic level) (Used only as a Dye); 
Grade 3: A620/A280 2.50-3.50 (Regent level) (Used as Dye and Biomarker); 
Grade 4: A620/A280 Above 4.00 (Analytical level, Antibody level) (Used in Therapeutics, 
Biomarker, and Treatment) 
The C-PC has the potential as natural colorants for use in food, cosmetics and 
pharmaceuticals, particularly as substitutes for synthetic dyes, which are generally toxic or 
otherwise unsafe (Madhu S. Ayyagari et al., 1995; Yaron, 1992). The C-PC is the most important 
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natural blue pigment for the food industry in bubble gum processing, milky products and jelly 
(Bermejo et al., 2003b). 
There are a wide range of promising applications of the C-PC in biomedical research, 
diagnostics and therapeutics has become possible (Glazer, 1993) because of their excellent 
spectroscopic properties, stability, high absorption coefficient and high quantum yield 
Particularly, the C-PC is of great importance because of its various medical and 
pharmacological properties, showing to have therapeutic value due to their protective effect and 
anti-carcinogenic activity (Victor Rimbau 1999), its antioxidative provides 20 times more 
antioxidant activity than ascorbic acid (Romay, 2000), anti-inflammatory activities (Benedetti et 
al., 2006), hepatoprotective (Bhat & Madyastha, 2000) and for the treatment of Alzheimer’s and 
Parkinson’s disease. 
 
2.1.4 Phycocyanin Price 
Phycocyanin price ranges approximately $ 100 /kg to $ 3*106 /kg depending on its grade. 
Most C-PC sold by companies in the market is as a natural food colorant (A620 /A280: 0.75-
1.50), whose price is $100-500 per kilogram. Table 2.1 shows a C-PC price list published by 
Soley Institute which represents the average of the C-PC price in the market. 
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Table 2.1 C-phycocyanin price list (published by Soley Institute, $) 
Product 25mg 1g 10g 100g 1kg 
C-PC Lyophilized Powder 
(A620/A280 >4) 
155 4657 37,275 297,750 2,212,500 
C-PC Lyophilized Powder 
(A620/A280: 3.4-2.5) 
Min Order 
10g 
Min Order 
10g 
15,050 120,400 959,000 
C-PC Lyophilized Powder 
(A620/A280: 2.5-1.5) 
Min Order 
100g 
Min Order 
100g 
Min Order 
100g 
13,600 108,800 
C-PC Lyophilized Powder 
(A620/A280: 1.50-0.75) 
Min Order 
1kg 
Min Order 
1kg 
Min Order 
1kg 
Min Order 
1kg 
300 
 
2.1.5 Phycocyanin Global Market Analysis and Forecast 
Color influences the perceived flavor, quality, and freshness of any food/beverage, ranging 
from candies to wine. Many of the naturally derived colors also exhibit functional properties. 
Stringent regulatory frameworks, technological advancement in extraction, formulation and 
emulsion of colors, and demand for clean label products have brought a considerable shift in the 
demand from synthetic coal-tar food colors to natural colors and coloring food-stuffs. 
The global natural food color market was estimated to be worth $ 1.144 billion in 2014 
and expected to reach $ 1.698 billion by 2020, reflecting a Compound Annual Growth Rate 
(CAGR) of 6.8% during forecast period. The global natural food color market represented 54.9% 
of the total food color market in 2014 and is expected to account for nearly 60% of the overall 
market by 2020.  
Carotenoids, the main natural food color, were valued at $ 363.2 million in 2014 with 
31.8% market share. It is expected to lose negligible market share but maintain its dominant 
position through the forecast period. Anthocyanin is the second largest segment in terms of 
revenue and will maintain its dominance in the forecast period. However there are no reliable 
published statistics on the C-PC market size and price; the market value of the C-PC was 
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estimated to be $10-50 million per annum with just 4.4% market share (Uday Bhaskar, 2005). As 
blue is one of the three primary colors and there are few sources of natural blue food color from 
fruits and plants, C-PC is projected to witness tremendous growth during 2015-2020 with 
expanding to 7-10 times as demand for natural colors continues to increase. 
 
2.2. C-PC EXTRACTION METHOD 
The C-PC can be extracted from cyanobacteria in a two-stage process. The first stage 
involves the preparation of a cell-free extract to dissolve the C-PC in water to form a crude 
extract; and the second stage involves purifying the crude extract to obtain the C-PC in highly 
pure form.  
Extraction of the C-PC from spirulina is difficult because the algae cells are small and 
have extremely resistant multilayered cell walls (Stewart, 1984). Many conventional methods 
described below are used to obtain crude extracts of the C-PC. 
 
2.2.1 Freezing and Thawing 
Some papers reporting the C-PC extraction from wet biomass were published (Julio 
Abalde, 1998; R Sarada, 1999; Soni et al., 2008). In all of them, freezing and thawing was 
considered to be the best, since it showed higher C-PC yield than the others methods studied by 
the authors. This method presents some advantages such as being simple, quick, reproducible, 
and robust, since it is independent of biomass quantity, free of corrosive material and without 
presenting significant losses of the biological capacity of the protein. When the cell is frozen, 
there is an inevitable intracellular ice formation, resulting in damage to the cell wall, promoting a 
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better extraction of intracellular substances (Acker & McGann, 2003). However some paper 
point that this method is just convenient in lab. It is difficult to scale up and it requires intensive 
energy. 
Repeated freezing and thawing partially denatured the C-PC and declined the purity. 
Freezing by 1 hour is enough to break the cell wall, and at this time the concentration and purity 
of C-PC was the highest. There is also no significant difference in C-PC yield at repeated 
freezing and thawing (Moraes et al., 2011). 
 
2.2.2 Lysozyme Digestion 
Lysozymes, also known as muramidase or N-acetylmuramide glycanhydrolase, are 
glycoside hydrolases. These enzymes damage bacterial cell walls by catalyzing hydrolysis of 1, 
4-beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in a 
peptidoglycan and between N-acetyl-D-glucosamine residues in chitodextrins. Large amounts of 
lysozyme can be found in egg white and its price range from $0.1/g to $20/g depending on 
quality (Peters, 1989; Yoshimura et al., 1988). 
Lysozymes break the algal cell walls gently and efficiently, and are potentially suitable for 
the large-scale industrial extraction of the C-PC. However, this process is not only relatively 
expensive but also releases relatively unpleasant odors (Bermejo et al., 2006). 
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2.2.3 Mechanical Shear Method 
The raw material was dubbed into buffer, then sheared with high-speed machine to break 
the algae cell wall. Although the yield and purity of the C-PC with mechanical shear method is 
not the highest, the efficiency is greatly improved and the operation is convenient. Moreover, 
Mechanical shear is considered the most suitable method to mass produce the C-PC actually, 
while it requires a designed shear equipment. 
 
2.2.4 Ultrasonic Treatment  
The principle of ultrasonic treatment is to disrupt the algae cell wall with cavitation 
generated by shear and shock force. It has advantages of short extraction time, easier operation, 
less loss, and high yield of the C-PC. However, at the same time, this method is difficult to 
control the ultrasonic intensity and evenness. It can cause severe denaturing to the protein, more 
cellular debris and contaminating proteins left in buffer, generating excessive amount heat, and 
difficult to scale up (Bermejo et al., 2006). 
 
2.2.5 Homogenization of Cells in a Mortar and Pestle  
Homogenization can cause excessive cell destruction. The C-PC sample extracted showed 
additional peaks at 680 and 450 nm because of contaminating chlorophyll, which indicated the 
disintegration of cells (R Sarada, 1999). 
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2.2.6 Water Extraction 
Water extraction is directly putting the algae into distilled water or the buffer, making the 
algae absorb water to burst the cell walls by the salt concentration difference between 
intracellular and extracellular. This method does not require special equipment, simple operation, 
while the main drawback is the longer extraction cycle (R Sarada, 1999). 
 
2.2.7 Chemical Treatment 
Certain chemicals can destruct the structure of cell membrane, changing its permeability, 
resulting in the C-PC exudation. Compared with freeze-thaw and lysozyme method, chemical 
treatment is more adapted to mass production of the C-PC, less cellular debris left compared to 
mechanical method. However, chemicals increases the difficulty of purification process, and can 
easily make protein denaturation (R Sarada, 1999). 
 
2.2.8 Other Methods  
Other methods include grinding with silica-gel or celite, and mechanical disruption using a 
pressure homogenizer (Julio Abalde, 1998). Nitrogen cavitation for algal-cell disruption 
(Gottlieb & Adachi, 2000; Viskari & Colyer, 2003), and extraction by using high pressure 
(Herrero et al., 2005). Each method has its advantages and disadvantages. 
This research will use freeze-thaw, mechanical shear and lysozyme three method to break 
the spirulina cell wall, comparing their difference in yield and purity of the C-PC, and cost of 
extraction process.  
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2.3 C-PC PURIFICATION METHOD 
After the first stage of cell destruction of the microalgae, purification is the second stage 
including ammonium sulfate precipitation combined with various procedures using hydrophobic, 
ion-exchange, size-exclusion, and hydroxyapatite chromatography, and aqueous two-phase 
extraction (Eriksen, 2008).  
 
2.3.1 Aqueous Two-Phase Extraction (ATPE) 
ATPE was carried out by adding predetermined, weighed quantities of polyethylene glycol 
and potassium phosphates to a given quantity of crude extract of the C-PC to make the total 
weight of the system 100% on w/w basis. The mixture was stirred thoroughly for about an hour 
to equilibrate. The equilibrated system was allowed overnight to separate into individual phases. 
Analysis of the C-PC and total proteins in these phases were carried out to estimate the purity as 
well as yield. 
 
2.3.2 Ion-Exchange Chromatography 
Ion-exchange chromatography was prepared using DEAE-Sephadex in a column of 2.5 cm 
diameter and 15 cm length. The C-PC purified by ATPE was charged to DEAE-Sephadex 
column and was eluted with NaCl solution of linearly increasing ionic concentration from 0 to 
0.35 mol/L at a flow rate of 1 ml min-1. C- PC gets eluted at NaCl concentration between 0.25 
and 0.30 mol/L and was collected in 2 ml fractions. 
However, there are some drawbacks of these methods: 
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1. Ammonium sulfate precipitation generally takes 1-2 days, and easily denatures the 
proteins so that loss of the target protein is increased; 
2. Multistep chromatography also requires a long time; moreover, the purification cost is 
greatly increased because of expensive packing materials; 
3. Aqueous two-phase extraction facilitates separation of the C-PC, but the poly ethylene 
glycol used can stably bind to the C-PC, so it is difficult to separate the C-PC from the poly 
ethylene glycol completely (Mondal & Gupta, 2006). 
 
2.4 SUMMARY 
The C-PC has a wide range of applications and great economic potential. However, the 
widespread use of the C-PC has been limited by the high cost of its extraction and purification. 
The literature that has been reviewed here has highlighted the advantages and disadvantages of 
extraction and purification techniques. The documentation of this knowledge has been beneficial 
for the development of these processes and identified area for future improvement. 
 
2.5 HYDROTHERMAL LIQUEFACTION  
2.5.1. Hydrothermal Liquefaction Process 
Hydrothermal liquefaction (HTL) is a thermochemical conversion approaches for 
converting wet biomass such as swine manure, sewage sludge and algae into bio-crude oil. HTL 
usually takes place at sub-critical condition where the range of temperature is typically from 
200ºC to 400ºC, and pressure from 4 MPa to 20 MPa (Peterson et al., 2008). The region for 
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hydrothermal liquefaction is roughly covered by the blue in Figure 2.1. Unlike biological 
treatment such as anaerobic digestion, HTL converts feedstock into crude oil products, instead of 
gases or alcohols. Therefore, the end products of HTL typically have much higher energy content 
than those from other conversion approaches.  
 
 
Fig. 2.3 Thermochemical conversion approaches for transforming biomass into bioenergy 
products 
Water is an important reactant and catalyst in HTL process. As the reaction condition 
approaches the critical point of water, several properties of water are drastically changed and 
thus water is able to bring about fast, homogeneous and efficient reactions (Calvo, 2002; 
Narayan et al., 2005; Savage, 2009). Several crucial properties involving organic reactions in 
water medium are listed in Table 2.2. As the temperature increases, water has a lower dynamic 
viscosity, dielectric constant but higher heat capacity. Meanwhile, the properties of water are 
significantly changed when the temperature is further increased under the supercritical condition. 
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With increased temperatures, the changes of water characteristics benefit the small organic 
compounds produced from HTL and become increasing soluble and eventually miscible in the 
supercritical water (SCW). 
 
Table 2.2 Properties of water at various conditions (Bröll et al., 1999; Krammer & Vogel, 
2000)  
Properties Normal Water Subcritical Water Supercritical Water 
Temperature (ºC) 25 250 400 
Pressure (MPa) 0.1 5 25 
Density, ρ (g /cm3) 0.997 0.80 0.17 
Dynamic viscosity, η (mPa s) 0.89 0.11 0.03 
Heat capacity, Cp (kJ /kg*K) 4.22 4.86 13.0 
Dielectric constant, ε 78.5 27.1 5.9 
Ionic product, pKw 14.0 11.2 19.4 
Heat conductivity, λ (m*W /m*K) 608 620 160 
 
Since high-temperature water (HTW) have these advantages, it was treated as an 
attractive reaction medium and there has been many previous research in this area with 
applications in biomass conversion, biofuels production, and waste treatment (Peterson et al., 
2008; Savage, 2009). 
 
2.5.2. Converting Algal Biomass into Bio-Crude Oil 
Algal biomass has recently increasing attention as an energy crop due to its high growth 
rate and high carbon dioxide fixation ability compared to terrestrial plants, (Tsukahara & 
Sawayama, 2005). Furthermore, more geological research tends to believe that petroleum is 
transformed from diatoms (algae) and deceased creatures (Qin et al., 2008); Therefore HTL 
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could be an appropriate approach to convert algal biomass into bio-crude oil, mimicking the 
Mother Nature’s oil formation process.  
Generally, algae have relative abundant proteins and some also contain considerable 
amount of lipids. (Dote et al., 1994) found out the bio-crude oil yield was higher than the original 
oil content residing the algal biomass. This reveals that in addition to lipid content, non-lipid 
fraction could contribute to the bio-crude oil yield as well. This work also implies that converting 
algal biomass into bio-crude oil via HTL does not require high lipid algae species, unlike algal-
to-biodiesel approach (Peterson et al., 2008). Other algal species with high biomass 
productivities could also serve as an appropriate HTL feedstock. 
Several HTL parameters such as reaction temperature, holding time, initial pressure, 
processing gas and reaction solvent were adjusted to increase the microalgal-based bio-crude oil 
yield or improve the bio-crude oil quality (Duan & Savage, 2011a; Yu et al., 2011). Among all 
the HTL parameters, reaction temperature and retention time appears to be the two dominant 
factors regarding the bio-crude oil yield as well as bio-crude oil quality. 
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CHAPTER 3.  
EXPERIMENTAL METHODS 
 
3.1. FEEDSTOCK 
Spirulina platensis, which commercially produced by algae farm companies collaborating 
with our research group, was investigated in both C-PC extraction experiment and HTL test. 
Three kinds of residues (R1, R2 and R3) after C-PC extraction were used as feedstocks for HTL: 
residues after freeze-thaw disruption (R1), residues after shearing force destroyed (R2) and 
lysozyme method (R3). 
Before conducting the HTL experiment, the characteristics of the feedstock were analyzed. 
The dry solid content and ash content of algae were analyzed as the dry residue at 105ºC and the 
combustion residue at 600ºC, respectively. Elemental analysis of the raw materials and HTL 
products was performed with a CHN analyzer (CE-440, Exeter Analytical Inc., North 
Chelmsford, MA). Other macromolecules along with the chemical compositions were analyzed 
according to the standard methods of the Association of Official Analytical Chemists (AOAC). 
Detailed chemical composition are summarized in Table 3.1, including the wt% of crude protein 
(CP), crude fat (CF), non-fiber carbohydrate (NFC), neutral detergent fiber (NDF), acid 
detergent fiber (ADF) and lignin. 
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Table 3.1 Characteristics of algal powder (% dry weight except as noted) 
 a Calculated by difference 
 
3.2. PYCOCYANIN EXPERIMENT 
3.2.1. Chemicals and Buffer 
Lysozyme was obtained from Sigma (St. Louis, MO, USA). All other reagents were of 
analytical grade. For extraction of Phycocyanin, deionized water, PBS buffer (potassium 
phosphate buffer, 100 mM, pH=6.8) and HEPES buffer (100mM HEPES, 1mM EDTA Na, 
pH=8.0) was used. 
 
3.2.2. Extraction of Crude Protein 
Freeze-thaw: 2 grams of spirulina powder were added to the centrifuge tube, then a 30 ml 
different buffer was added to the spirulina, frozen three hours at -20°C and thawed at room 
temperature. The extract solution was then centrifuged at 5,000 rpm for 10 min at 4 °C. The blue 
supernatant containing C-PC was collected and stored at 4°C for further use. After the optional 
buffer was chosen, freeze time was studied, from 1 hour to 5 hours. The last parameter was solid-
liquation ratio, which was 1:10, 1:15, 1:20 and 1:25. 
Algae 
Species 
Moisture Chemical composition based on total solid (%) 
Ash CP Fat NFC a ADF NDF Lignin  
Sp. 5.08 10.3 69.0 0.6 15.05 3.38 5.05 1.22 
R1 7.52 13.0 63.9 1.49 12.11 6.0 9.5 0.5 
R2 9.97 10.1 65.6 1.6 10.10 10.7 12.6 n.d. 
R3 10.61 9.62 64.2 1.86 13.82 17.0 10.5 2.0 
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     Lysozyme digestion: Lysozyme was added to the biomass in different kinds of buffers, to 
give a final concentration of 0.1mg/mL, 0.5mg/mL and 1.0mg/mL. The biomass was then 
incubated at room temperature. Three parameters were studied: the buffer, concentration of 
lysozyme and extraction time. 
Mechanical shear: for mechanical method, the POLYTRON® PT 1200 handheld 
disperser (Figure 3.1) was used, which are suitable for dispersing, homogenizing, 
emulsifying, suspending, blending, etc. This handheld disperser is ideal for quick 
processing of small sample quantities.  Its application volume (ml) min (water) ranges 
from 0.05 to 250 ml and its speed range (rpm) is up to 25000. This equipment has an 
exchangeable dispersing aggregate which has a double bearing and are made of stainless 
steel (1.4435/316L). As a surplus the dispersing aggregate for the PT 1200 is equipped with 
saw teeth that increases their efficiency in preliminary reduction of the sample and 
considerably reduces the processing time. The teeth are secured by a safety ring which 
prevents the teeth from bending. The instruction and structure of POLYTRON® PT 1200 
handheld disperser is shown in Figure 3.2. 
 
Fig. 3.1 Ergonomic homogeniser (POLYTRON® PT 1200 E Manual Disperser) 
  
21 
 
Fig. 3.2 instruction and structure of POLYTRON® PT 1200 handheld disperser 
 
For the process, 2 g of spirulina powder was added to the centrifuge tube and then poured 
into different volumes of PBS buffer, stirred 5 to 20 min with a magnetic stirrer (SH-4 Magnetic 
Stirrer Hot Plate). After that, the spirulina cell wall was disrupted with different shear rate and 
shear time using a handheld dispenser (POLYTRON® PT 1200) handheld disperser. Four 
parameters were studied: solid-liquation ratio, stirred time, shear velocity, and shear time. During 
mechanical method process, a thermometer was used to record the temperature of the buffer, 
which can reflect the feedstock temperature and heat generated by the disperser. 
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3.2.3. Purification of Phycocyanin 
Activated carbon powder was added to the crude extract of C-PC (60g/L, 70g/L, 
80g/L ,90g/L ,100g/L), stirred with a magnetic stirrer (SH-4 Magnetic Stirrer Hot Plate) every 10 
to 30 min. After centrifugation (5,000 rpm, 10 min, 4 °C), a vacuum filtration with a 0.22 μm 
pore size membrane was then used on the supernatant. The absorption spectrum of C-PC was 
measured on a UV–visible spectrophotometer (Shimadzu, Japan, model UV-2450). The 
experiment was conducted at room temperature and before being measured, the extracts were 
required to be diluted 100 times. The concentration of C-PC in the collected samples were 
estimated by using established equations (Bennett, 1973), All yields and purities listed in tables 
are the average values and standard deviation of triplicate experimental results.  
 
C-PC concentration (mg/mL) = 
𝐴620−0.474∗𝐴650
5.34
 
 
C-PC yield = 
𝐶−𝑃𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔
𝑚𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠(𝑚𝐿)
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (𝑚𝑔)
∗ 100 
 
The ratio of A620 to A280 gives the purity of C-PC.  
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3.3. HTL EXPERIMENTS 
3.3.1 Reactor Types and Experiment Procedure  
The HTL experiments were performed according to previously reported methods (Wang, 
2011; Yu et al., 2011b), using a stainless steel cylinder reactor of 100 ml capacity with a 
magnetic drive stirrer and moveable vessel (Model 4593, Parr Instrument Co., Moline, IL) in a 
batch mode. An aluminum block heater with a cooling channel was used to heat and cool the 
reactor during the experiment. The maximum pressure for this reactor was 34.5 MPa (5000 psi) 
at 350°C. Figure 3.1 shows a picture of the reactor used. During the cooling period, tap water 
was run through the water cooling channel associated with the aluminum block heater.  
In a typical test, deionized water was mixed with algae powder to make a slurry feedstock 
containing 25% dry matter, and 38 g of the slurry feedstock was loaded into the reactor. The 
reactor was subsequently sealed and purged with nitrogen three times to exclude the residual air. 
Next, nitrogen gas was again added to the reactor to build the pressure up to 0.69 MPa gauge 
inside the reactor to avoid water boiling during the experiments. Initial pressure and temperature 
were then recorded. The reactor was then heated up to the designated experimental temperature, 
which took about 20-50 minutes. Then the temperature was kept constant for the designated 
reaction time of 30 min. After the reaction, the reactors were rapidly cooled down to room 
temperature in 30 minutes by flowing tap water through the cooling coil located outside the 
reactor. The final pressure and temperature were recorded and the gas products were carefully 
released and collected through a control valve. 
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Fig. 3.3 Picture of the 4593 floor stand reactor 
 
3.3.2 Recovery Procedures of HTL Products  
The HTL products were composed of four parts: gases, the aqueous phase, raw bio-crude 
and solid residue. After the gas was removed from the reactor, the reactor was opened and the 
remaining mixture was separated and analyzed in the lab. The separation procedure of HTL 
products is illustrated in Figure 3.2. The raw oil was separated from the liquid phase by means of 
filtration under reduced pressure. The bio-crude oil was extracted from raw oil by using 100 ml 
of solvent (acetone). The acetone insoluble product was solid residue, whereas the acetone 
solution consisted of acetone and bio-crude oil. The acetone was removed from the bio-crude oil 
by evaporation under reduced pressure at 65°C. The liquid phase was obviously layered, then the 
solid residue, the bio-crude oil and light oil were placed in a vacuum drying chamber at -0.06 
MPa, 55°C for 8 h until a constant weight developed in order to prevent their oxidization at a 
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high temperature. 
 
 
 
Fig 3.4 Experimental procedure for the HTL process 
 
3.3.3 Analysis of Products 
All yields listed in tables are the average values and standard deviation of triplicate HTL 
experimental results. The yields of the liquefaction products were calculated on the bio-crude oil 
basis of feedstock. Table 3.2 lists the symbols and equations used for products distribution 
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measurement. The gas product yield was estimated by the ideal gas law with the initial and final 
temperature as well as pressure respectively. The gas composition was found to consist of 
approximately 75% N2 and 22% CO2 and the average molecular weight (30.9) was used in the 
ideal gas law. 
 
Table 3.2 Measurement and calculation equations for various liquefaction products 
yields 
Product Equation 
Bio-crude oil yield (%) 𝐵𝑂
𝐹
∗ 100 
Gas yield (%) Based on the Ideal Gas equation 
Solid residue yield (%) 𝑆𝑅
𝐹
∗ 100 
Aqueous product yield (%) 𝐹 − 𝐺 − 𝑆𝑅 − 𝐵𝑂
𝐹
∗ 100 
Liqueﬁed fraction (%) 
(1 −
𝑆𝑅
𝐹
) ∗ 100 
 
Measurement Symbol 
Dry volatile matter of feedstock (g) F 
Mass of gas products (g) G 
Mass of solid residue (g) SR 
Mass of bio-crude oil (g) BO 
 
The raw oil and the solid residue were dried overnight before the elemental tests and ash 
measurement. The elemental compositions of the feedstock and the raw oil were determined with 
a CE 440 elemental analyzer (Exeter Analytical, Inc., North Chelmsford, MA) for duplicate 
measurements. The composition of oxygen was calculated by the equation O (dry wt.%) = 100- 
  
27 
(C+H+N) (wt.%). The carbon and nitrogen recoveries for liquefaction products were estimated 
based on previous work (Yu et al., 2011). 
The higher heating value (HHV) of the bio-crude oil products was calculated using the 
equation based on the elemental composition (Channiwala & Parikh, 2002): HHV= 0.3491 
C+1.1783 H-0.1034 O +0.0151 N, where C, H, O, and N are the carbon, hydrogen, oxygen, and 
nitrogen mass percentages of the material on a dry matter basis. The energy recovery was 
defined as the HHV of the bio-crude oil multiplied by the bio-crude oil yield then divided by the 
HHV of the feedstock. 
The chemical compositions of the bio-crude oils were analyzed using a GC-MS (7890A, 
Agilent Technologies, Santa Clara, CA). Bio-crude oils were dissolved in the acetone. A 2 mL 
sample was injected in a split mode (7:1) into the GC-MS system and consisted of an Agilent 
6890 (Agilent Inc., Palo Alto, CA) gas chromatograph, an Agilent 5973 mass selective detector 
and Agilent 7683B autosampler. Gas chromatography was performed on a 15m ZB-FFAP 
column with 0.25 mm inner diameter (I.D.) and 0.25 mm film thickness (Phenomenex, Torrance, 
CA) with an injection temperature of 250 °C, MSD transfer line of 250°C, and the ion source 
adjusted to 230 °C. The helium carrier gas was set at a constant flow rate of 1.6 ml min-1. The 
temperature program was 5-min at 500°C, followed by an oven temperature ramp of 5°C min-1 to 
250°C for a final 20 min. The mass spectrometer was operated in the positive electron impact 
mode (EI) at 69.9 eV ionization energy in m/z 30-800 scan range. 
The spectra of all chromatogram peaks were evaluated using the HP Chem station 
(Agilent, Palo Alto, CA, USA) and AMDIS (NIST, Gaithersburg, MD, USA) programs. The 
spectra of all chromatogram peaks were compared with electron impact mass spectrum from 
NIST Mass Spectral Database (NIST08) and W8N08 library (John Wiley & Sons, Inc., 
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Hoboken, NJ, USA). To allow comparison between samples, all data were normalized to the 
internal standards – pentadecanoic acid methyl ester (0.5 mM). 
Thermogravimetric analysis (TGA) of bio-crude oil and solid residue were performed on 
a Q50 TGA (TA Instruments, Schaumburg, IL) from 110ºC to 800ºC in 50 ml/min N2 at 10ºC 
/min to estimate its boiling point range distribution. 
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CHAPTER 4.  
EXTRACTION AND PURIFICATION OF PHYCOCYANIN 
FROM SPIRULINA 
 
4.1. PHYCOCYANIN EXTRACTION  
4.1.1 Freeze-Thaw Method 
To optimize the freeze-thaw method to break the spirulina cell wall, extraction buffer, 
freeze time and solid-liquid ratio were tested. First of all, three kinds of buffers (deionized water, 
PBS buffer and HEPES buffer) were selected as the medium to absorb the C-PC during the 
freeze-thaw process, freeze time was one hour and solid-liquid was 1:15. From Table 4.1, it can 
be observed that there is no significant difference in the C-PC extraction yield using three kinds 
of buffers, which range from 61.10 mg/g to 66.53mg/g. While using deionized water as the 
buffer to extract the C-PC, the purity was only 0.299 with 50.443% solids left, which is less than 
the other two buffers. The reason could be that there is less hydronium in deionized water and it 
cannot be used as a buffer, so that more salts and organic matter outflow from the cells. 
Although the results of the HEPES buffer are closed to the PBS buffer about the concentration 
and purity of the C-PC and the amount of residues, the cost is four times more expensive than the 
PBS buffer. Thus, the PBS buffer was chosen as the medium when freeze-thawing the Spirulina 
to extract the C-PC at its good performance in all aspects.   
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 Table 4.1 Effect of buffer on C-PC extract yield and purity 
 
 
With the PBS buffer, freeze time were tested from 1h to 5h. Figure 4.1 shows the yield of 
the C-PC extraction ranging from 57.87 mg/g to 65.19 mg/g and the purity of the C-PC ranging 
from 0.424 to 0.349. The highest yield of the C-PC was achieved at 3h while the highest purity 
was at 1h. At the beginning, the yield of the C-PC increased when freeze time increased, but 
after three hours the C-PC yield started to decrease. This change infers that 2-3 hours is enough 
to break the spirulina cell wall and extract most of the C-PC, longer times may make the C-PC 
partially denature. Moreover, the purity of C-PC was highest when the algae was frozen for one 
hour, then it started to decrease. This also infers that longer times would denature the C-PC and 
leave more intracellular material. Therefore, the best time to freeze the Spirulina was three hours. 
At this time, most of the C-PC can be extracted and its purity was closest to the highest purity of 
the C-PC. 
 
Extract  
solution 
C-PC extraction 
yield (mg/g)  
C-PC purity 
(A620/A280) 
Residue weight 
field (%)  
Cost   
($/m3) 
PBS buffer 63.17 1.40 0.475 0.003 63.229 0.443  20 
Deionized water 61.10 1.92 0.299 0.008 50.443 0.821   3 
HEPES buffer 66.53 1.26 0.419 0.014 62.790 0.844 128 
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Fig. 4.1 Effect of freeze time on the C-PC extract yield and purity 
 
Solid-liquid ratio was studied at the end with the PBS buffer with freeze time of three 
hours. Figure 4.2 shows the yield of C-PC extraction ranging from 35.61 mg/g to 65.76 mg/g and 
the purity of the C-PC ranging from 0.297 to 0.359. The highest extraction yield and purity were 
both achieved when the solid-liquation ratio was 1:15. This result is comparable with previous 
similar work (Benedetti et al., 2006; Cuellar-Bermudez et al., 2015; Julio Abalde, 1998). If the 
solid-liquation ratio is too small, the extraction buffer cannot be enough to extract the C-PC from 
the Spirulina completely, while if the ratio is too big, more impurities outflow from the cell 
which inhibits the C-PC dissolution and decreases the purity of the C-PC. Also, less buffer can 
reduce the extraction cost and decrease the latter part consumption of the solid-liquid separation. 
Thus, 1:15 is the optimal solid-liquid ratio, using less buffer extracted more C-PC with higher 
purity.  
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Fig. 4.2 Effect of Solid-liquid Ratio on C-PC extract yield and purity 
 
In summary, the optimal extraction buffer for freeze-thaw method is the PBS buffer, the 
freeze time is three hours and the solid-liquid ratio is 1:15. In this situation, the C-PC extraction 
yield is about 65.76mg/g and purity is 0.475.  
 
4.1.2 Lysozyme Digestion Method 
For the lysozyme digestion method, three factors were studied: buffer, concentration of 
lysozyme and digestion time. The results are shown in Table 4.2 and processed by the statistics 
SAS system. When the purity of the C-PC as dependent variables, the results are shown as 
follows: there was a difference between the buffer variables and purity of the C-PC, the PBS 
buffer had the best performance and this result was the same with the freeze-thaw method. For 
digestion time, it also affected the purity of the C-PC significantly, 5 h is better than others as a 
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longer digestion time will extract more impurities; while the concentration of lysozyme had no 
significant differences, 0.1 mg/mL was chosen because lysozyme cost less. Moreover, results of 
the cross term: buffer and digestion time also showed the PBS buffer and 5 h digestion time had 
significant differences. Therefore, the optimal situation for the lysozyme method to extract the 
highest purity of the C-PC (0.365) was using the PBS buffer and 0.1 mg/mL lysozyme, digestion 
time was 5 h.  
With the C-PC extraction yield as dependent variables, the buffer and digestion time 
showed significant differences on yield. Using water can extract more C-PC as there is less 
hydronium in deionized water and it cannot be used as a buffer, but at the same time more 
impurities flowed into water, the purity of the C-PC was lower than the other two buffers. For 
digestion time, the results of 10 h and 15 h were approximate and both were better than that of 5 
h, thus, 10 hours was enough for crude protein extraction. Then the cross term of buffer and time 
was processed and the results showed the three groups had significant differences: 10 h digestion 
time with the PBS buffer, 10 h digestion time with water and 15 h digestion time with water.  
      
Table 4.2 Extraction yield and purity of the C-PC with lysozyme method 
No. Buffer Lysozyme 
concentration 
(mg/mL) 
Time 
(h) 
C-PC extraction  
yield (mg/g) 
C-PC purity Residue 
yield (%) 
1 PBS 0.1 10 65.35 1.33 0.361 0.002 62.63 0.68 
2 PBS 1.0 15 62.86 1.86 0.353 0.005 62.51 0.38 
3 PBS 0.5  5 55.63 1.37 0.362 0.003 69.95 0.45 
4 WATER 1.0 10 64.29 0.85 0.267 0.004 43.85 0.45 
5 WATER 0.5 15 66.46 1.17 0.266 0.002 44.17 1.82 
6 WATER 0.1  5 61.59 0.57 0.270 0.004 42.35 0.91 
7 HEPES 0.1 15 43.70 1.37 0.227 0.002 67.22 0.08 
8 HEPES 0.5 10 47.63 0.86 0.236 0.001 65.83 0.83 
9 HEPES 1.0  5 48.87 1.32 0.264 0.003 70.59 0.30 
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In conclusion, there was not an optimal condition to extract the C-PC with highest purity 
and highest C-PC yield because the more C-PC extracted, the more impurities flowed into the 
buffer at the same time. Therefore, the condition of 0.1 mg/mL lysozyme, the PBS buffer and 
10h digestion time was chosen considering the cost, extraction time and post-processing, etc. 
 
4.1.3 Mechanical disruption method 
Solid-liquid ratio, stir time, shear rate and shear time were investigated for the mechanical 
disruption method. The results are shown in Table 4.3 and processed by the statistics SAS 
system. When the purity of the C-PC is a dependent variable, only the shear rate and time 
showed significant differences. For the independent variables shear rate and shear time, results 
showed the higher the shear rate, the lower the C-PC purity; and the longer shearing time, the 
lower purity.  Therefore, shearing Spirulina by 1 min with a shear rate of 6 rpm can extract 
crude protein with the highest C-PC purity (0.433). When the C-PC extraction yield was as 
dependent variables, the four factors all affected the yield significantly. The optional 
combination was: solid-liquation ration 1:10, stirring time 15 min, shear rate 10 rpm, and shear 
time 3 min.  
In addition, during this mechanical disruption process, the temperature of the buffer 
recorded by a thermometer did not increase significantly, which indicates that the heat generated 
by the handle disperser is not enough to affect the activity of spirulina cells or protein extracted.   
In conclusion, though the crude protein cannot be extracted with the highest purity and 
yield of C-PC, optimal situation to get the highest C-PC yield was chosen because the factors 
affect the C-PC yield more significantly. 
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Table 4.3 Extraction yield and purity of C-PC with mechanical shearing method 
No. Wt. 
(g/mL) 
Stirring 
time 
(min) 
Shear 
rate 
(rpm) 
Shear 
time 
(min) 
C-PC 
extraction 
yield (mg/g) 
C-PC purity 
 1 1：10.0  5  6 1 43.03 0.089 0.433 0.001 
 2 1：15.0 15  6 5 44.78 0.218 0.416 0.002 
 3 1：17.5 20  6 7 45.40 0.289 0.415 0.002 
 4 1：12.5 10  6 3 45.37 0.117 0.416 0.001 
 5 1：12.5 20 10 1 44.39 0.071 0.416 0.001 
 6 1：17.5 15  8 1 44.45 0.095 0.423 0.002 
 7 1：15.0 10 12 1 44.71 0.077 0.410 0.001 
 8 1：10.0 20 12 5 47.06 0.105 0.389 0.001 
 9 1：17.5  5 12 3 45.21 0.100 0.389 0.002 
10 1：15.0 15 10 3 54.53 0.078 0.405 0.001 
11 1：12.5 15 12 7 47.16 0.125 0.381 0.001 
12 1：12.5  5  8 5 44.37 0.072 0.413 0.002 
13 1：15.0  5 10 7 40.89 0.171 0.377 0.003 
14 1：15.0 20  8 3 44.57 0.141 0.407 0.002 
15 1：17.5 10 10 5 44.54 0.038 0.388 0.001 
16 1：10.0 10  8 7 46.61 0.057 0.399 0.001 
 
4.1.4 Comparison of three disruption methods and extraction buffer 
Table 4.4 shows that using the freeze-thaw method to break the cell wall can get higher C-
PC extraction yield and purity, and there is more biomass left. Moreover, the time for the entire 
process is 5h, the energy consumed and reagents cost is moderate. Although this method is 
difficult to scale up, there is not a lot of demand for the C-PC and the cost for a large cold 
storage is low. The yield of the C-PC and residues by mechanical disruption method is the lowest 
among this three method, and the purity is also not very high, but the process is more efficient 
and convenient, it is the most suitable method to mass produce C-PC. The lysozyme method has 
highest C-PC yield, while the purity of C-PC is lowest as the lysozyme maybe release some 
relative odors. The energy consult of this method is very low and it is also easier to scale up, but 
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the price of lysozyme is expensive and the whole process need longer time, it needs more future 
work to compare the lysozyme cost with the energy consumed of other methods.  
 
Table 4.4 Comparison of three methods to extract crude protein 
 
Figure 4.3 shows microscopic images of fresh spirulina, spirulina powder and the residues 
after three disruption methods. From the images, it can be seen that the fresh spirulina are longer 
cylindrical helical filaments. After collection and spray drying to powder, the spirulina is broken 
into short pieces, but the color of algae is still green and cell wall remains intact, which indicate 
the spirulina did not loss its biological activity. Figure 4.3 c) – e) show the microscopic images 
of residues after three disruption methods, it can be seen that all residues are broken into shorter 
and smaller pieces without color, indicate the cell wall of spirulina has been broken and the 
protein and intracellular substances such as protein, chlorophyll outflow from the algal cell. 
Figure 4.3 c) shows the residues after freeze-thaw method. As can be seen from the mark, the 
cell is broken inside as the inevitable intracellular ice formation, so that the cell debris become 
extremely small. However, from the figure, it still can be seen some green algae pieces, indicate 
that the spirulina was not disrupted completely. Figure 4.3 d) shows the residues after lysozyme 
digestion method, the lysozyme damage the structure of algae cell wall and decompose it 
completely, the cell debris in figure is extremely small and lose its original shape. Moreover, it is 
Extract 
method 
C-PC extraction 
yield (mg/g) 
C-PC purity 
(A620/A280) 
Residues yield 
(%)  
Time 
(h) 
Energy 
consume 
Cost 
($/L) 
Freeze-thaw 65.76 0.093 0.475 0.003 63.229 0.443  5 Medium 2.8 
Shear 54.53 0.057 0.415 0.004 48.674 2.562 0.3 Medium 0.3 
Lysozyme 67.63 0.089 0.361 0.002 62.635. 0.682 10 Low 7.5 
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hard to find a bigger cell debris when using microscope, indicate the efficiency of lysozyme 
disruption is very high. Figure 4.3 e) shows the residues after mechanical disruption method, the 
cell were broken by shear force, so most cell debris became shorter with original shape. 
However, from the figure, all cell debris have no color indicate the spirulina cell wall were 
already broken. In summary, for these three disruption methods, the lysozyme damage the cell 
wall the most completely, the freeze-thaw method is second one and last one is the mechanical 
method, this result is also match the yield of the C-PC by these three methods.    
 
 
a) Fresh Spirulina                   b)  Spirulina Powder 
Fig. 4.3 Microscopic images of spirulina and residues 
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c)  R1                              d)  R2 
 
e)  R3 
Fig. 4.3 Microscopic images of spirulina and residues (cont.) 
 
Section 4.1.1 has shown that using PBS buffer to extract the C-PC has higher yield and 
purity of C-PC, as well as more biomass left. Moreover, From Figure 4.4, the extract by PBS 
buffer is blue while the extract by DI water is a little bit green. As we know, the DI water cannot 
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be a buffer so that it extracted more substances such as chlorophyll, the purity of extract is very 
low and lower yield of residues. Therefore, the PBS buffer is the best to extract C-PC. 
 
  
Fig. 4.4 C-PC extract by PBS buffer and DI water 
 
In summary, each of these three disruption method has its advantage. Lysozyme broke the 
spirulina cell wall most completely, then is the freeze-thaw method. While the mechanical 
method process cost shortest time, and the lysozyme digestion time is longest. Freeze-thaw 
method was considered the best way to break the cell wall as its good performance of various 
aspects. As a buffer to extract the C-PC, PBS buffer is the best as it can get higher yield and 
purity of the C-PC.  
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4.2. PHYCOCYANIN PURIFATION 
4.2.1 Optimization of Activated Charcoal Adsorption Process 
Activated charcoal powder, which is commonly used in discoloration and smell removal, 
has a high specific surface area, low cost, and does not affect the bioactivity of the extract (Liao 
et al., 2011). Figure 4.5 shows that the extended stirring time did not increase the purity of C-PC 
significantly, it reduced the yield of C-PC a small amount. In addition, extended stirring 
increased the extraction time and consumed more energy. Thus, the C-PC was efficiently 
purified when the crude extract was treated with activated charcoal for only 10 min. And with 
the addition of more activated charcoal, the yield of C-PC decreased gradually, but the purity of 
the target protein quickly increased to 0.81 (the yield was 85%) at 80 g/L (w/v), and then 
increased slightly. Thus, the optimum quantity of activated charcoal was 80 g/L (w/v). Because 
of adsorption of pigments and some low-molecular-weight proteins by the activated charcoal, the 
solution became bright blue. After purification of the activated charcoal adsorption method, 
which is low cost and an easier operation, the purity of C-PC can reach the food colorant level 
(>0.75); this will significantly reduce the cost of C-PC production for food dye, that would make 
it a more extensive application in the food processing industry. 
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Fig. 4.5 Effects of Activated charcoal concentration and Stirring time on the purity and 
yield of the C-PC 
 
4.2.3 Vacuum Filter with 0.22 μm pore size membrane 
     After activated charcoal adsorption, there was still some small cell debris and bacteria 
remaining in the extract. Using a vacuum filter with a 0.22 μm pore size membrane can 
efficiently remove impurities, so that increases the purity of the C-PC to 1.0 and achieves food 
safety requirements. The last step is to freeze dry the extract after the complete purification 
process, then it can be used for the production of the C-PC powder for food levels, which yields 
are based on feedstock dry weight of 32.8 2.8%. The purity and recovery for each step in the 
process of the C-PC production is listed in Table 4.5 and Figure 4.6 shows the absorption 
spectrum of the C-PC for each step in the process of the C-PC purification. 
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Table 4.5 Purity and recovery for each step in the process of the C-PC production 
 
Process Freeze-thaw Charcoal 
Treatment 
Vacuum 
Filter 
Production 
Purity 0.475 0.813 0.987 0.987 
Yield (%)  100   85   68  32.8 
 
 
 
Fig. 4.6 Absorption spectrum of the C-PC for each step in the process of the C-PC 
purification 
Step 1: freeze-thaw the spirulina to extract crude protein; 
Step 2: add activated carbon to the crude extract; 
Step 3: use a vacuum filter with a 0.22 μm pore size membrane 
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4.2.4 Costs Calculation for Food-level Phycocyanin Production 
In conclusion, a simple, rapid and efficient process has been developed for extraction and 
purification of food-level C-PC from spirulina platensis. The main process conditions include: 
freeze-thaw the feedstock to extract the crude protein; add 80 g/L (w/v) activated charcoal to the 
crude extract; use a vacuum filter with a 0.22 μm pore size membrane, and the last step is to 
freeze dry the extract to get the C-PC powder. The overall process in this thesis and the 
traditional process diagrams are shown in Figure 4.7 and 4.8. From the diagrams, it shows that 
the process used in this thesis is simpler and more efficient. It just took about 10 h to finish the 
entire process while the traditional method takes 4-5 days. Moreover this new method just need 
activated carbon which is cheap and safe to purify the C-PC to food grade, and need less 
equipment to produce C-PC.   
 
 
Fig. 4.7 A new C-PC production process developed in this thesis 
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Fig. 4.8 Traditional process for C-PC production 
 
The pilot for food-level Phycocyanin production has been designed: assume that daily 
food-level C-PC production capacity is 1 ton, about 3 tons spirulina powder and 45000 L PBE 
buffer is needed, the total volume is about 60 m3, and freeze time is 3 hours; thus, the feedstock 
can be frozen twice per day with 40-50 m3 in a cold storage room. After being frozen, the extract 
is thawed at room temperature and poured into a feed vessel, then liquid separation is conducted 
with a continuous centrifuge whose production capacity is 5000 L per hour. Any solids left were 
collected and dried to be used as feedstock to produce bio-crude oil, liquid was purified by the 
activated carbon and filtered by 0.22 μm pore size membrane with 1200L/hour vacuum pump. 
Finally, the extract was dried to a powder with a freeze dryer. The equipment set-up cost is 
shown in Table 4.6. 
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Table 4.6 Equipment for food-level Phycocyanin production set-up cost 
Equipment Production Capacity Cost ($) 
-20°C Cold storage room 50 m3 6,000 
Continuous Centrifuge 5,000 L/hour 28,000 
Vacuum Pump 1,200 L/hour 2,000 
Freeze Dryer 30 m3 44,000 
Tube and Pump  5,000 
Total equipment costs  85,000 
      
With the pilot, the food-level C-PC product could be produced one tone per day. It needs 3 
tones spirulina and 3.6 tons activated charcoal, specific costs are listed in Table 4.7. With this 
simple process, the food-level C-PC just costs $27.1 per kilogram, which is much cheaper than 
the traditional method, making it possible to widely apply the C-PC in the food industry.   
 
Table 4.7 Daily costs for Phycocyanin production 
 Unit Price Total ($) 
Feedstock $7/kg 21,000 
PBS buffer $23/m3 1,035 
Activated Charcoal  $1/kg 3,600 
Electric Cost 6.42 cents/kwh 500 
Labor Cost $100/unit 500 
Miscellaneous and Unforeseen Cost  500 
Total Costs  27,135 
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CHAPTER 5.  
 HTL OF RESIDUES AFTER PHYCOCYANIN EXTRACTION 
 
5.1. COMPARISON OF HTL PRODUCTS FOR RESIDUES AND 
SPIRULINA  
5.1.1 Hydrothermal Liquefaction Products Yields 
    To investigate that there is a significant difference between the residues and spirulina as 
feedstock to produce bio-crude oil, residues from the freeze-thaw method was chosen as the 
feedstock because the freeze-thaw has proven to be the best way to extract crude protein. The 
effect of temperature on the liquefaction products yields also has been studied. Because the 
optimal temperature for spirulina in HTL has been proven to be around 300°C and after 300°C 
the bio-crude oil yield will decrease slightly (Gai et al., 2015). Temperatures from 260°C to 
300°C was applied to this HTL tests. Figure 5.1 and Table 5.1 show the bio-crude oil yields 
ranging from 25.7% to 34.8%. The highest bio-crude oil yield was gained at 300°C with residues 
as feedstock. Compared to previous studies (Gai et al., 2015; Yu et al., 2011), the highest bio-
crude oil yield presented in this work is comparable and even better, suggesting that the residues 
after protein extraction as feedstock will not have much impact on the liquefaction products 
yields. Besides, breaking the algae cell wall may transform the cell structure and change its 
substance content so that the residues maybe more suitable to be the feedstock in HTL.  
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Table 5.1 HTL products yield of SP and R1 at different temperature 
 
Figure 5.1 shows that the bio-crude oil yields increased as reaction temperature increased. 
Similarly, Figure 5.2 shows that the liquefied fraction also increased when the temperature 
increased. This change indicated that more organic matter in the feedstock would be broken 
down and formed into oil compounds with the increase of temperature, so that it can conduct 
higher bio-crude oil yields and liquefied fraction when reaction temperature from 260°C 
increased to 300°C. Compared to other similar hydrothermal conversion research, reaction 
temperature also shows strong effects on the bio-crude oil yield (He, 2000; Minowa et al., 1995). 
However, higher reaction temperatures will not get higher bio-crude oil yields. When the 
temperature increased  higher than 300°C, the bio-crude oil yield decreased slightly (Yu et al., 
2011). Therefore, 300°C is the optional reaction temperature for both spirulina and the residues.  
Moreover, from Figure 5.1, it can be observed that at each reaction temperature, the bio-
crude oil yield of R1 is slightly higher than that of SP, and from Figure 5.2, the difference is 
more significant. This indicates that the C-PC extraction will not affect the bio-crude oil yield, 
but it can liquefy the raw material more thoroughly, thereby increasing the bio-crude oil yield 
slightly.  
 Liqueﬁed 
fraction (%) 
Bio-crude oil 
yield (%) 
Gas products 
yield (%) 
Aqueous 
products yield 
(%) 
HHV 
(MJ/kg) 
Energy 
recovery 
(%) 
Sp. 
260 oil 90.000±0.368 25.704±1.754 2.46 61.836 34.3 43.01 
280 oil 91.019±1.050 27.551±0.737 3.53 59.938 30.9 40.84 
300 oil 94.483±0.378 30.147±0.750 2.85 61.486 36.3 54.99 
R1 
260 oil 91.486±6.058 26.312±1.554 2.50 58.390 35.7 58.99 
280 oil 93.633±4.331 27.971±0.025 4.82 57.779 35.9 63.43 
300 oil 95.127±2.791 34.777±0.117 3.08 60.343 37.0 82.18 
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Causes of these phenomena may have the following possibilities: First of all, although 
freeze-thawing the spirulina extracted a part of crude protein, simultaneously some water-soluble 
substances, such as salts, monosaccharide, and short-chain fatty acids, also dissolved into the 
buffer, so that the total biomass was reduced and the relative content of the protein in the 
residues did not decrease too much, just 5% (Table 3.1). Secondly, the spirulina cell wall had 
been broken during crude protein extraction, so that the residues had lost the biological activity 
and could react faster and more completely during the HTL process; this is the possibility that 
liquefied fraction with residues as feedstock had increased significantly. And last, the crude 
protein extraction had destroyed the structure of the algae cell and changed the content of each 
substance. Except the content of crude protein decreased 5%, non-fiber carbohydrates which are 
difficult to react via HTL also was reduced 3%. Moreover, the content of lipid and fiber both 
increased significantly. These changes may have transformed the pathway of the HTL reaction, 
therefore increasing the bio-crude oil yield slightly and changing the content of the bio-crude oil 
product. It will be further explored in the GC-MS and TGA sections. 
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Fig. 5.1 Effect of reaction temperature and feedstock on bio-crude oil yields 
 
Fig. 5.2 Effect of reaction temperature and feedstock on Liqueﬁed fraction 
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The effects of reaction temperature on the aqueous and gas product fractions for HTL of 
SP and R1 are illustrated in Figures 5.3 and 5.4. It can be seen that reaction temperature had the 
same effect on the variations of product distribution for the two feedstocks. Specifically, with the 
temperature from 260°C to 300°C, the yield of aqueous product increased after decreasing, 
whereas the yield of gas fraction underwent the process of decreasing after an increase, these 
results agreed well with Chao’s work (Gai et al., 2015). The trend for the aqueous product yield 
indicates the aqueous products may tend to be converted into bio-crude oils when the 
temperature increased. The above observation is also consistent with a previous study suggesting 
the formation of bio-crude oil from the water-soluble products (Torri et al., 2012). However, 
when the temperature reached 280°C, the aqueous substances which could be converted into bio-
crude oil had been completely reacted. Any further increase of the liquefaction yield (Figure 5.2) 
meant more solids were dissolved into the aqueous phase, so that the aqueous product again 
increased after decreasing. Moreover, Figure 5.3 shows that there was less aqueous product yield 
of R1 at different temperatures and combined with Figures 5.1 and 5.2, it indicated that the 
feedstock after pre-treatment can be completely reacted and more substances in the aqueous 
phase can be converted into bio-crude oil, so that the feedstock R1 can produce more bio-crude 
oil and has a higher liquefaction yield, with less product left in the aqueous. 
The gas product yields (Figure 5.4) are least affected by either feedstocks or reaction 
temperature. According to the literature (Yu et al., 2011), the gas product will increase slowly as 
the temperature increases and when the temperature exceeds a specific point, the gas products 
may be dramatically increased. Li’s work shows that the gas product yields were drastically 
enhanced when the reaction temperature increased from 320°C to 380°C (Li et al., 2012). Yet, it 
is noted that the gas yields obtained in this study increased when the temperature increased from 
260°C to 280°C but decreased slightly when the temperature reached 300°C. The explanation for 
this change may be the existence of large amounts of calcium carbonate in the raw material that 
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may affect the solubility of carbon dioxide. Under hydrothermal liquefaction, carbon dioxide 
partly dissolves in water and then reacts with calcium carbonate to form a calcium bicarbonate 
solution. At 300°C, more carbon dioxide may have dissolved into the water and reacted so that 
the gas product yield decreased slightly. Besides, the gas product yield of R1 is higher than that 
of SP. This further indicates feedstock after pre-treatment can be reacted more completely in 
HTL. 
In summary, the optimal temperature for both SP and R1 in HTL is around 300°C. At this 
temperature, more bio-crude oil with a higher liquefied fraction can be produced. Moreover, the 
feedstock R1 will not affect the bio-crude oil yield, but there is better performance on the yields 
of product fractions for HTL. 
 
 
Fig. 5.3 Effect of reaction temperature and feedstock on aqueous product yields 
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Fig. 5.4 Effect of reaction temperature and Feedstock on gas product yields 
 
5.2. ANALYSIS OF BIO-CRUDE OILS 
5.2.1. Elemental Analysis and Higher Heating Values 
In order to explore the difference between the bio-crude oil produced by these two 
feedstocks, further characterization is needed to elucidate the HTL reaction with more details. 
Table 5.2 summarizes the results of elemental analysis, ash content and higher heating values 
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hydrothermal process since spirulina mainly contains proteins and lignocellulose (Yu et al., 
2011).  
From Table 5.2, the content of ash kept decreasing, combined with the increasing yield of 
bio-crude oil (Figure 5.1), suggested that more and more feedstock reacted and converted into 
bio-crude oil during 260°C to 300°C. However, the carbon hydrogen content, as well as HHV of 
bio-crude oils from SP decreased from 260°C to 280°C then increased as the temperature 
increased to 300°C. In contrast, the nitrogen and oxygen content of bio-crude oils showed the 
opposite trend. This observation suggested that the reaction pathway changed during 260°C to 
300°C; the hydrolysis of proteins may begin before 260°C and the deamination and 
decarboxylation of proteins become dominant from 260°C to 280°C, following the 
repolymerization after 280°C. However, the oxygen content did not greatly decrease as expected 
with the decarboxylation of proteins. The products such as furfurals, converted from 
lignocellulose materials via HTL, may contribute to the growth of oxygen content (Yu et al., 
2011).  
 
  
54 
 
 Table 5.2 Ultimate analysis and higher heating value (HHV) of the bio-crude oils (dry basis) 
 
 
 
 C (%) H (%) N (%) O (%) O/C N/C H/C HHV(MJ/kg) Ash (%) 
Sp. 49.31 0.37 6.44 0.24 11.01 0.17 33.30 0.675 0.22 0.131 22.8 10.3 
260 oil 68.71 0.08 8.96 0.11 7.37 0.13 14.96 0.218 0.107 0.130 34.3 9.7 
280 oil 61.35 0.42 8.94 0.32 7.61 0.04 22.10 0.360 0.123 0.146 30.9 8.9 
300 oil 73.96 0.04 9.18 0.08 7.03 0.18 9.83 0.133 0.095 0.124 36.4 5.6 
R1 42.92 0.42 6.11 0.19 8.75 0.10 42.22 0.984 0.20 0.142 19.6 13.0 
260 oil 70.55 0.14 9.56 0.16 7.34 0.02 12.60 0.179 0.104 0.135 35.7 8.5 
280 oil 72.43 0.04 9.19 0.23 7.33 0.04 11.05 0.153 0.101 0.127 35.9 6.4 
300 oil 73.47 0.08 9.88 0.03 6.56 0.01 10.09 0.137 0.089 0.134 37.0 4.9 
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The element content and HHV of bio-crude oils produced by feedstock R1 shows different 
results, except for the ash content. The carbon, hydrogen and oxygen content, and HHV of bio-
crude oils from R1 increased while the nitrogen content of bio-crude oils decreased from 260°C 
to 300°C. In addition, the ash content decreased by 34.6% of R1 at 260°C while the content of 
ash just deceased by 5.8% of SP. The above results indicate that the biomass may be 
decomposed and depolymerized to small compounds at the initial stage and then these 
compounds begin to rearrange through condensation, cyclization and repolymerization to form 
new compounds (Zhang et al., 2010). The feedstock R1 may decompose faster and more 
completely than SP at the beginning of HTL. After that, the repolymerization and lignocellulose 
degradation may become dominant so that the carbon, hydrogen, oxygen content, and HHV of 
bio-crude oils increased from 260°C to 300°C. 
Table 5.2 shows that the optimal temperature of HTL for both feedstocks is 300°C. But the 
bio-crude oil produced by R1 at 300°C had higher HHV, its hydrogen content increased 7.6% by 
the oil produced by SP at 300°C, and its nitrogen content decreased 6.7% by the oil produced by 
SP at 300°C. This may be due to the fact that R1 has more crude fat and lignocellulose than SP 
(Table 3.1), their associative products were further produced via HTL so that the bio-crude oil 
produced by R1 at 300°C had higher hydrogen and oxygen content. On the other hand, lower 
content of protein in R1 resulted in lower nitrogen content in the bio-crude oil.  
 
5.2.2. GC-MS ANALYSIS 
In order to further explore the difference between bio-crude oils produced by SP and R1, 
GC-MS analysis was applied to the bio-crude oils of these two feedstocks at 300°C which may 
help to recognize the general chemical property and possible reaction pathways of HTL. The 
chromatograms for the samples of bio-crude oils are presented in Figure 5.6. The major 
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compositions are presented in Table 5.3. The components are categorized into groups based on 
the functionalities. Figure 5.5 illustrates the major composition of bio-crude oil for SP and R1. 
On average, the fatty acid derivatives and esters derivatives account for 70% of the identified 
components in the bio-crude oils, though there is only about 1% of lipid in feedstocks, whereas 
the nitrogen- and oxygen-containing compounds, derived from proteins and lignocelluloses 
respectively, contribute approximately 20% and 5%. It should be noted, from Figure 5.6, the two 
oily products show similar chromatographic fingerprints and Table 5.3 also indicates that the 
species of chemical composition of the bio-crude oil of SP and R1 were identical, implying that 
C-PC extraction and minor difference of feedstock composition will not significantly affect the 
HTL reaction pathway.   
 
Fig. 5.5 Effect of different feedstocks on the composition of bio-crude oils 
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Fig. 5.6 GC-MS spectra of bio-crude oils produced by SP and R1 
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Table 5.3 Major components of the bio-crude oils produced by SP and R1 
Compound name MW 
(g/mol) 
Formula RT 
(min) 
Peak area (%) 
SP R1 
Cyclic oxygenates 
Phenol 94 C6H6O 25.31 1.25 1.88 
Phenol, 4-methyl- 108 C7H8O 26.73 0.94 1.28 
Phenol, 4-ethyl- 122 C8H10O 28.37 0.57 0.63 
Esters, Ketones, Alcohols 
4-Hydroxy-4-Methyl-2-Pentanone 116 C6H12O2 10.74 × 2.06 
1-Dodecanol 186 C12H28O 24.63 × 0.43 
Fumaric acid, ethyl 2-phenylethyl 
ester 
248 C14H16O4 38.67 × 0.38 
1,2-Benzenedicarboxylic acid, 
mono(2-ethylhexyl) ester 
278 C16H22O4 43.30 44.93 32.54 
Hydrocarbons 
Heptadecane 240 C17H36 19.30 1.36 1.90 
Tetramethyl-2-Hexadecene 280 C20H40 22.53 1.90 1.60 
Organic acids 
Acetic acid 90 C2H4O2 13.49 0.19 0.44 
Benzenepropanoic acid 150 C9H10O2 35.56 0.12 0.26 
Hexadecanoic acid 256 C16H32O2 39.82 19.58 25.15 
Hexadecenoic acid 254 C16H30O2 40.19 2.44 2.29 
Octadecanoic acid 284 C18H36O2 42.56 1.79 2.42 
Octadecenoic acid 282 C18H34O2 42.94 2.52 4.93 
N&O-heterocyclic compounds 
1H-Indole 117 C8H7N 32.63 0.50 0.81 
Methyl-1H-Indole 
 
131 C9H9N 33.38 0.59 0.28 
1H-Indole, 1-ethyl- 145 C10H11N 34.70 0.38 0.29 
N-(2-Phenylethyl) acetamide 163 C10H13NO 35.01 0.42 0.37 
3,6-Diisobutyl-2,5-
piperazinedione 
226 C12H22N2O2 43.86 1.09 0.67 
Hexadecanoic acid, pyrrolidide 309 C20H39NO 44.22 3.38 2.72 
9H-Pyrido[3,4-b]indole, 1-methyl- 182 C12H10N2 48.34 1.51 1.59 
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Table 5.3 Major components of the bio-crude oils produced by SP and R1 (cont.) 
Compound name MW 
(g/mol) 
Formula RT 
(min) 
Peak area (%) 
SP R1 
Straight & branched Amides 
N,N-Dimethyldodecanamide 227 C14H29NO 40.70 3.25 2.68 
N-Methyldodecanamide 213 C13H27NO 41.32 4.78 4.90 
N-Butyloctadecanamide 
 
339 C22H55NO 41.52 1.61 1.95 
Hexadecanamide 255 C16H33NO 43.61 4.74 5.02 
N-Methyloctadecanamide 297 C19H39NO 44.02 × 0.51 
 
It has been concluded in perivous studies (Demirbaş, 2000; Garcia et al., 2012) that two 
reactions occur in the hydrothermal processing of microalgae: hydrolysis and repolymerization. 
Based on the experimental results and previous studies (Gai et al., 2015; Yu et al., 2011), in the 
temperature range of 0-100°C, protein is hydrolyzed to produce amino acids and some fatty 
acids. Lipid is hydrolyzed to produce glycerol and fatty acids with long carbon chains. 
Carbohydrate is hydrolyzed to produce reduced sugar and non-reduced sugar. In the temperature 
range of 100–200°C (López Barreiro et al., 2013), amino acids, fatty acids and sugars will 
undergo further decomposition. Amino compounds are produced due to the decarboxylation of 
amino acids, and carbon dioxide is produced from the carboxyl group during this process to 
remove the oxygen from the microalgae. A certain amount of amino acids will undergo 
deamination reaction to produce carboxylic acids, and ammonia is produced from the amine 
group during this process to remove the nitrogen from the microalgae. Besides, some alkanes and 
alkenes are produced from the decarboxylation of long-chain fatty acids from hydrolysis of the 
lipids and amino acids from hydrolysis of the proteins, and cyclic oxygenates are produced from 
the reducing sugars at the same temperature range. Above the temperature of 200°C, the 
hydroxyl groups in long-chained fatty acids are replaced by ammonia from deamination of 
amino acids to produce aliphatic amine compounds. A certain amount of long-chained fatty acids 
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can react with the alcohols from the reduction of amino acids after deamination to produce 
esters. N&O-heterocyclic compounds are produced from the Maillard reaction between amino 
acids from hydrolysis of the proteins and reducing sugars from hydrolysis of carbohydrates, in 
terms of pyrrole, pyrrolidinone, pyrrolidinedione, pyridine, thiazole, imidazole and their 
derivatives. Some amino acids may also repolymerize to aromatic ring-type compounds. 
Additionally, some N&O-heterocyclic compounds may react with long-chain fatty acids to 
produce pyrrolyl fatty acids. 
The data presented in Figure 5.5 and Table 5.3 show that the major composition of bio-
crude oil for SP and R1 were very similar, the only distinction was their different percentage of 
total oily products. It illustrated using R1 as feedstock did not change the pathway of HTL for 
spirulina much, perhaps the only change is the reaction speed. Specifically, the contents of cyclic 
oxygenates, hydrcarbons, N&O-heterocyclic compounds, and straight and branched amides for 
SP and R1 were very close, while the contents of Esters, Ketones, Alcohols and organic acids for 
SP and R1 were quite different. In particular, the obvious distinction is the content of 1,2-
Benzenedicarboxylic acid, mono (2-ethylhexyl) ester ( RT 43.30), which in bio-crude oil for SP 
is 12.4%, more than that for R1, while the oily products for R1 had 8.9% more orgnic acids. This 
may be due to the fact that the HTL process for R1 is faster than that for SP. By increasing the 
reaction temperature from 280°C to 320°C, the contents of organic acids increased, while the 
ester contents gradually decreased, more organic acids may be from the hydrolysis of ester 
(Cuellar-Bermudez et al., 2015).  
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5.2.3. TG Analysis 
The boiling point distribution of the bio-crude oils were assessed by exploiting thermal 
gravimetric analysis (TGA), which can be viewed as a miniature “distillation” (Zhang et al., 
2013). The bio-crude oils produced at 300°C with two kinds of feedstocks were dried naturally 
in the fume hood overnight and then applied to the TGA analysis. Table 5.4 demonstrates that 
heating of bio-crude oils under an inert atmosphere to 800 °C typically brought about a weight 
loss of approximately 85 % and Figure 5.7 shows both of the bio-crude oils contain two 
significant weight loss peaks at around 250 °C and 400 °C. The weight loss of bio-crude oils 
before 75 °C was less than 0.2 %, revealing the drying process efficiently removes the acetone. 
Of note, Table 5.4 shows that about half of the weight of bio-crude oil loss from 75°C to 300°C. 
It is believed that the HTL successfully converted feedstocks into volatile matter, which can be 
made into gasoline and Jet fuel. 
 
Table 5.4 Boiling point distribution of bio-crude oil (%) 
 
 
 
Distillate 
Range (°C) 
Coke Oil Typical Application       SP    R1 
110-200 Gasoline 15.61% 11.70% 
200-300 Jet fuel, fuel for stoves and diesel oil 34.75% 41.97% 
300-400 Lubricating oil for engines, fuel for ships and machines 23.11% 23.26% 
400-550 Lubricants and candles, fuel for ships 10.65% 10.13% 
550-700 Fuel for ships, factories and central heating 0.84% 0.65% 
700-800 Asphalt and roofing 0.63% 0.34% 
>800 Residues 12.02% 11.00% 
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Table 5.4 indicates that the bio-crude oil produced by SP distilled in the range of 75°C -
200°C was 5.47%, more than the products produced by R1, while the fraction of 200°C-300°C 
was 7.42% less and the other fractions were of no significant difference. In addition, the HTL for 
R1 had a higher bio-crude oil yield, this suggested that two serial competitive reactions including 
volatile matter formation and char production occurred during the HTL process. Yet, bio-crude 
oils gained at 280°C have more products with 110°C -200°C distillate range than the one gained 
at 300 °C, which is the optimum condition resulting in the maximum bio-crude oil yield. Again, 
this illustrates that R1 is more efficient in the HTL process than SP at the same reaction 
temperature. 
 
Fig. 5.7 DTA curves of bio-crude oils produced by two kinds of feedstocks 
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5.3. COMPARISON OF HTL PRODUCTS FOR THREE KINDS OF 
RESIDUES  
5.3.1 Hydrothermal Liquefaction Products Yields 
    To further investigate whether the residues after C-PC extraction have an impact on the 
yield of bio-crude oil production, three kinds of residues (R1, R2 and R3) were applied to 
produce bio-crude oil at 300°C which is the optimal temperature for spirulina in HTL. Figure 5.8 
and Table 5.5 shows the bio-crude oil yields ranging from 30.1% to 37.7%. The highest bio-
crude oil yield was gained at 300 °C with R3 as feedstock, and the bio-crude oil yield of three 
residues were all higher than that of SP, which further suggests that the residues after C-PC 
extraction as feedstock does not have much impact on the liquefaction products yields, yet the 
extraction process makes the feedstock more suitable for HTL.  
 
 Table 5.5 HTL product yields of SP and different residues 
 
     Figure 5.8 shows that the bio-crude oil yield and liquefied fraction yield of R3 is the 
highest and has the lowest yield of aqueous products. According to Table 3.1, R3 has the lowest 
content of ash (9.62%), while the content of fat (1.86%) and ADF (17%) are the highest. It is 
 Liqueﬁed 
fraction (%) 
Bio-crude oil 
yield (%) 
Gas 
Products 
yield (%) 
Aqueous 
Products yield 
(%) 
HHV 
(MJ/kg) 
Energy 
recovery 
(%) 
SP 94.483±0.378 30.147±0.750 2.85 61.486 36.3 54.992 
R1 95.127±2.791 34.777±0.117 3.08 60.343 37.1 82.180 
R2 96.046±1.331 35.703±1.385 3.29 57.053 37.1 83.834 
R3 96.881±0.791 37.651±0.893 3.96 55.270 36.0 79.731 
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known that ash is very difficult to react during the HTL process, but lipid and fiber can be easily 
converted into small molecule. Also, the bio-crude oil yield of R2 is higher than that of SP and 
R1 and there is also more fat and fiber in R2.  
 
 
Fig. 5.8 HTL products yield of different feedstocks 
 
5.4. ANALYSIS OF BIO-CRUDE OILS 
5.4.1. Elemental Analysis and Higher Heating Values 
Summarized in Table 5.6 are the results of elemental analysis, ash content and higher 
heating values (HHV) of bio-crude oils converted from these four feedstocks and is based on dry 
weight mass. Table 5.6 shows that the element content and HHV of bio-crude oils produced by 
spirulina and residues have no significant differences, which again proves using residues after C-
PC extraction as feedstock to produce bio-crude oil is achievable. 
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Table 5.6 Ultimate analysis and higher heating value (HHV) of the feedstocks and bio-
crude oils (dry basis) 
 
Compared with the bio-crude oil of SP, the carbon, hydrogen contents and HHV of bio-
crude oils produced by R2 increased whereas the nitrogen and oxygen contents slightly 
decreased. This may be due to the fact that there is more fat in R2 (Table 3.1) which produced 
more organic acids and hydrocarbons but less protein, resulting in less nitrogen-containing 
compounds. As the protein extraction with shearing force broke the cell wall more completely 
than the freeze-thaw method, the feedstock R2 may have reacted faster than R1 resulting in more 
carbon and less oxygen content in bio-crude oils. 
However, the element content and HHV of bio-crude oils produced by R3 shows different 
results. The carbon content and HHV of bio-crude oils for R3 were slightly less than that for SP, 
while the hydrogen and oxygen content of bio-crude oils increased, the nitrogen content was 
close. Table 3.1 shows that R3 has more lipid, ADF and NDF so that more organic acids and 
Cyclic oxygenates were produced, resulting in higher oxygen content in the bio-crude oil.  
 C (%) H (%) N (%) O (%) O/C N/C Ash (%) HHV 
(MJ/kg) 
Sp. 49.31±0.37 6.44±0.24 11.01±0.17 33.3 0.68 0.22 10.30 19.90 
Sp. oil 73.96±0.04 9.18±0.08 7.03±0.18 9.83 0.13 0.10 5.60 36.33 
R1 42.92±0.42 6.11±0.19 8.75±0.10 42.22 0.98 0.20 13.00 15.70 
R1 oil 73.47±0.08 9.88±0.03 6.56±0.01 10.09 0.14 0.09 4.90 37.11 
R2 43.01±1.41 6.18±0.22 8.57±0.36 42.24 0.98 0.20 10.10 15.80 
R2 oil 74.24±0.06 9.62±0.00 6.76±0.06 9.38 0.13 0.09 3.95 37.13 
R3 44.91±0.06 6.31±0.02 8.69±0.01 40.09 0.89 0.19 9.60 17.00 
R3 oil 73.15±0.19 9.24±0.05 7.04±0.01 10.57 0.14 0.10 3.12 36.01 
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5.4.2. GC-MS Analysis 
The chromatograms for the samples of bio-crude oils are presented in Figure 5.10. The 
major compositions are presented in Tables 5.7 and Figure 5.9 illustrates the major composition 
of bio-crude oil for SP, R1 and R2. For SP and R1, the esters derivatives amount was 45% and 
35% of the identified components in the bio-crude oils, whereas the esters in the bio-crude oils of 
R2 was just 5%. However, the other compounds such as organic acids, hydrocarbons and 
nitrogen-containing compounds were significantly more than the others, which may be due to the 
fact that R2 reacted more completely than SP in the HTL process, so that more esters were 
gradually hydrolysis, and the content of organic acids and hydrocarbons increased. 
 
 
 
Fig. 5.9 Effect of different feedstocks on the composition of bio-crude oils 
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Fig. 5.10 GC-MS spectra of bio-crude oils produced by SP, R1 and R2 
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Fig. 5.10 GC-MS spectra of bio-crude oils produced by SP, R1 and R2 (cont.) 
 
Table 5.7 Major components of the bio-crude oils produced by SP, R1 and R2 
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Compound name MW 
(g/mol) 
Formula RT 
(min) 
Peak area (%) 
SP R1 R2 
Cyclic oxygenates 
Phenol 94 C6H6O 25.31 1.25 1.88 2.17 
Phenol, 4-methyl- 108 C7H8O 26.73 0.94 1.28 1.34 
Phenol, 4-ethyl- 122 C8H10O 28.37 0.57 0.63 0.66 
Esters, Ketones, Alcohols  
4-Hydroxy-4-Methyl-2-
Pentanone 
116 C6H12O2 10.74 × 2.06 2.93 
1-Dodecanol 186 C12H28O 24.63 × 0.43 0.59 
Fumaric acid, ethyl 2-
phenylethyl ester 
248 C14H16O4 38.67 × 0.38 0.61 
1,2-Benzenedicarboxylic 
acid, mono(2-ethylhexyl) 
ester 
278 C16H22O4 43.30 44.93 32.54 1.52 
Hydrocarbons  
Heptadecane 240 C17H36 19.30 1.36 1.90 2.90 
10-Methyl-octadec-1-ene 266 C19H38 20.48 0.18 × 0.41 
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Table 5.7 Major components of the bio-crude oils produced by SP, R1 and R2 (cont.) 
 
The data presented in Figure 5.10 shows that the major peak of bio-crude oil for SP and R1 
were very similar, whereas the chromatograms for R2 had changed. The highest peak in Figure 
5.10 (a) and (b) was missing, instead the other peak ranged from RT 40 to RT 45. This suggested 
that the ester may be decompose with the HTL process going on, and more oganic acids and 
hydrcarbons were produced at the same time. 
Table 5.7 shows the major composition of bio-crude oil for SP, R1 and R2 were very 
similar, which further illustrated using residues as feedstock did not change the pathway of HTL 
for spirulina, perhaps only changing the reaction speed. Specifically, the contents of cyclic 
oxygenates, hydrocarbons, N&O-heterocyclic compounds and straight and branched amides for 
R2 were all much higher than that for SP, while the contents of Esters, Ketones and Alcohols 
Compound name MW 
(g/mol) 
Formula RT 
(min) 
Peak area (%) 
SP R1 R2 
Organic acids       
Acetic acid 90 C2H4O2 13.49 0.19 0.44 0.39 
Hexadecanoic acid 256 C16H32O2 39.82 19.58 25.15 27.18 
Hexadecenoic acid 254 C16H30O2 40.19 2.44 2.29 4.56 
Octadecanoic acid 284 C18H36O2 42.56 1.79 2.42 1.74 
Octadecenoic acid 282 C18H34O2 42.94 2.52 4.93 8.26 
N&O-heterocyclic compounds 
1H-Indole 117 C8H7N 32.63 0.50 0.81 1.60 
9H-Pyrido[3,4-b]indole, 1-
methyl- 
182 C12H10N2 48.34 1.51 1.59 2.26 
Straight & branched Amides  
N,N-Dimethyldodecanamide 227 C14H29NO 40.70 3.25 2.68 4.64 
N-Methyldodecanamide 213 C13H27NO 41.32 4.78 4.90 8.16 
N-Butyloctadecanamide 
 
339 C22H55NO 41.52 1.61 1.95 3.67 
Hexadecanamide 255 C16H33NO 43.61 4.74 5.02 10.17 
N-Methyloctadecanamide 297 C19H39NO 44.02 × 0.51 0.20 
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decreased to 5%. The same with R1, the content of 1,2-Benzenedicarboxylic acid, mono (2-
ethylhexyl) ester ( RT 43.30) also decreased to 1.52% whereas the bio-crude oils for SP had 
45%. This may be due to the fact that during the HTL process, 1,2-Benzenedicarboxylic acid, 
mono (2-ethylhexyl) ester may decomposed, instead more organic acids and hydrcarbons are 
produced.   
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CHAPTER 6.  
CONCLUSION 
 
6.1. CONCLUSION 
This study developed a simple, rapid, and efficient process for extraction and purification 
of food-level Phycocyanin from Spirulina platensis. Three cell disruption method were tested 
and compared, lysozyme broke the spirulina cell wall most completely, followed by freeze-thaw 
method. The mechanical method process requires the shortest time, while the lysozyme digestion 
needs the longest time. Freeze-thaw method was selected to break the cell wall in this study 
because of its good performance. PBS buffer is used to extract the C-phycocyanin as it can get 
higher yield and purity than other buffers tested.    
The main process includes: freeze-thaw the feedstock to extract the crude protein, add 80 
g/L (w/v) activated charcoal to the crude extract, use a vacuum filter with a 0.22 μm pore size 
membrane, and the last step is to freeze dry the extract to get the C-phycocyanin powder. The 
yield of Phycocyanin production based on feedstock is 30% and the cost for entire process is 
$26.1/kg. And after C-phycocyanin extraction, there is still about 63% dry biomass left which 
can be used as feedstock to convert into bio-crude oil via hydrothermal liquefaction. 
It also demonstrates the high feasibility of the biomass after Phycocyanin extraction as a 
potential hydrothermal liquefaction feedstock. Compared to the bio-crude oil converted from 
spirulina, the highest bio-crude oil yield (about 35%) and higher heating values (about 37 MJ/kg) 
gained in this work was better. Moreover, the content of nitrogen is only 6.56% in the bio-crude 
oil obtained with R1 at 300°C, which demonstrates high reaction temperature may help degrade 
the nitrogen compounds into aqueous products and this type of algal feedstock can result in less 
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for further application on the bio-crude oil. 
 
6.2 FUTURE WORK 
6.2.1 Large scale C-PC production cost calculate 
In chapter 4, it has been discussed three disruption method to break the spirulina cell wall, 
and freeze-thaw method is considered to be the best method for lab experiment. However, 
lysozyme break the algae cell wall most completely and consumed less energy. It should 
compare the energy consumed of freeze-thaw method with the lysozyme cost for large scale C-
phycocyanin production in the future. 
 
6.2.2 Further phycocyanin purification to higher level 
This research has been developed a simple, rapid, and efficient process for extraction and 
purification of food-level Phycocyanin from Spirulina platensis. Based on this method, the C-
phycocyanin can be purified to higher level with lower cost. Recently, various medical and 
pharmacological properties of the C-phycocyanin has been affirmative, but the extremely high 
cost of purification process for higher C-phycocyanin prevent its further application. Therefore, 
it is important to produce the higher C-phycocyanin with lower cost 
 
6.2.3 Other purity concerns in C-phycocyanin extracted 
As the C-phycocyanin production is for food industry, there is a lot of concerns including 
content of metals, toxins and bacteria should be tested. Although the feedstock spirulina powder 
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is food-level, during purification process, the metals and toxins may be concentrated. The 
content of these concerns should be tested and try to make the C-PC reach the FDA requirement. 
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APPENDIX A 
A TYPICAL TEMPERATURE INCREASE/DECREASE 
PROFILE OF 100 ML BATCH REACTORS 
 
 
 
Fig. A.1 Temperature increase/decrease profile for a HTL reaction at 300 °C for 1 hour with 
100 ml batch reactors 
 
 
 
 
